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Abstract - In this paper, the characteristics of the Doppler
power spectrum observed by a spaceborne precipitation radar,
under Non Uniform Beam Filling (NUBF) condition will be
presented, and the expected performance of some standard
Doppler estimators and that of a new inversion technique will
be investigated and compared.

1. INTRODUCTION

The importance of vertical motion at all scales of
atmospheric circulation has brought substantial development
of the Doppler radar technology in the field of precipitation
monitoring. Although techniques have been developed in the
last two decades for ground-based and airborne Doppler
weather radars [1],[2], they do not fully address the issues
pertained to spaceborne radars. These unique issues are the
downward viewing geometry with a fast moving (i.e., vs =7
km/s) orbiting platform and a relatively large volume of
resolution (e.g., 2km radius and 250m range res.). Also more
insightful studies on spaceborne Doppler radars (e.g.,[3]) did
not fully address the impact on Doppler estimates of NUBF
associated with inhomogeneously distributed targets within
the observing volume. The effects of this non-uniform
weighting may dominate any other contribution. Under this
condition, shape, average value and width of the Doppler
spectrum P(vs,ryf) may not be directly correlated with the
vertical velocity of the precipitating particles, in fact:
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where r; and r, are the range limits of the resolution volume
centered at r, respect to the satellite; the function
W(r)includes the contribution by the radar constant, the
antenna gain pattern, the range weighting function, the
atmospheric attenuation and the range dispersion; n(r.f) is
the natural Doppler velocity spectrum associated with the
distribution of the falling particles, and f” is the Doppler
shift. For small antenna beamwidths and nadir looking
geometry f' can be approximated as:

f(0,0)y=¢gx 2
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q=Q/A)-(wg!hg) 2)
where A is the radar wavelength and hg is the satellite
altitude. n(r.f) is centered on the mean particle falling speed
Vg, its width o is determined by the different fall speed of
hydrometeros of different size, turbulence and wind shear
{1]. When the volume of resolution is uniformly filled (i.e.,
n(r.f)=n(f) the total spectrum measured by a nadir-looking
radar with a Gaussian antenna pattern can be approximated
by a Gaussian function with the center determined by vy [4].
The corresponding spectral width ¢y can be estimated as:

2 93213"2
oy =7 Yo + 700 ®

Even for a narrow beam as the one considered in Table 1,
the broadening due to the antenna motion prevails over og.

On the other hand, when NUBF is encountered, the
nonuniform weighting in (1) due to 7n(r.f-f) changes the
shape of the spectrum. In particular its average frequency
will not match anymore with -2vp/A. As discussed in the
next section, the magnitude of this bias depends on the shape
of the along-track reflectivity profile zx(x) within the volume
of resolution and on the parameter g.

2. SPECTRAL MOMENT ESTIMATION FOR WEATHER SIGNALS

The signal backscattered by moving distributed targets such
as precipitating particles is described by a stochastic process
with zero mean, Gaussian distribution and decorrelation
time inversely proportional to the spectral width. If the
spectrum is calculated from a sequence of M complex
voltage samples s, separated by T, each of the spectral
components can be expressed as [5]:
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Fig. 1. Performances of standard spectral moments estimators under Uniform Beam Filling hypothesis and the radar system in Table 1. PA = Perturbation
Analysis [8], MC = Simulations. Oyy can be approximated here by 0;45 [degs] / 2. As expected PA and MC differ significantly for high oyy (hypothesis for
PA are not satisfied). DFT simulated estimates show higher accuracy than predicted by theory at low SNR because automatic noise estimation and removal
was implemented in the DFT based estimator. PP performs better only for very small oyy (i.e., <0.05). Nevertheless additional biasing terms were
observed for DFT estimators at very high oyy (e.g., >0.25), in that range both estimators are extremely unreliable.

where P; is the value of (1) at f = (k-M/2)/MT; and y is a
random variable with negative exponential distribution and
unitary mean.

The estimator of the first spectral moment based on Discrete
Fourier Transform is:

{ 1 M2
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where 7' is an approximation to the mean spectral line
(here obtained by applying the previous expression a first
time with #'= 0) , P is the total power of the noisy signal
and Nis the estimated noise power and N; is the noise
spectral density at
fF=0-M/2)/MT,.

Another widely used estimator is the Pulse Pair processor
(PP) which is based on the exploitation of the correlation of
consecutive samples only:
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The accuracy of both estimators is strongly dependent on
SNR and normalized spectral width oyy [1],[6]. The analysis
of their performances is shown in Fig. 1.

NUBF effects were studied by by applying a 3D radar
simulator to 3D ARMAR datasets [7]. The resolution of the
ARMAR dataset is much smaller than the spatial resolution
of the simulated spaceborne satellite (i.e., 200 m vs 5 km),
and it provides rain intensity values together with vertical
velocity estimates. Results of mean Doppler velocity

estimation on such simulated spectra are shown in Fig. 3
(bottom right plots): when NUBF is present the induced bias
becomes the major contribution to the error. The strong
correlation of such a bias with Zx(x) can be noted by
comparing the error plots with —V,Zx(x).

3. COMBINED FREQUENCY_TIME TECHNIQUE (CFT)
No frequency-only spectral moment estimator can reduce

NUBF effects: in order to remove the induced bias,
knowledge of sub-beam, along-track distribution of rainfall

Fig.2 - Frequency-Time tracking of distributed rainfall target. The along
track resolution is determined by the achievable frequency resolution and
the system parameters. The expected value of the power signature of a
given target varies accordingly with the two-way antenna pattern. Best
fitting with the antenna pattern is performed to estimate the f*-#* position
of the moment of maximum return form the target (i.e., alignement with
the maximum gain direction)
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Fig. 3 Vertical section of hurricane '‘Bonnie’. 'True' Values are measured by ARMAR at high resolution. The reflectivity gradient is shown sign reversed for
better comparison with PP and DFT error plots. Rms of the three error plots are shown in the bottom left corner together with the true vertical velocity
standard deviation. It is possible to recognize several true' vertical velocity features in the CFT reconstruction (which were undetectable in DFT and PP

reconstructions).

(i.e., Zx(x)) is necessary. The proposed technique follows a
joint Frequency-Time approach close to the Doppler Beam
Sharpening Approach [8] that gave birth to the Synthetic
Aperture Radar methods. The concepual scheme is shown in
Fig. 2. It can be assumed that the vz of a distributed target
does not change in the short time while it is illuminated by
the antenna, therefore its frequency signature will move
accordingly to (2) at an angle 8,=atan(-gvs) in the t-f plane,
At every time step ;=iMTs Py;) (with k(i) = kg + qvst;) varies
accordingly to the weighting factor W which is determined
mainly by the antenna pattern. It is then possible to process
the sequence of Py with a DFT moment estimator to
calculate the # corresponding to the peak of the antenna
pattern. This allows to estimate the actual position of the
target and therefore its actual vp.

Results as the one shown in Fig. 3 demonstrate that CFT is
able to correct the bias introduced by NUBF.
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